KCNQ (K V 7) potassium channels underlie subthreshold M-currents that stabilize the neuronal resting potential and prevent repetitive firing of action potentials. Here, antibodies against four different KCNQ2 and KCNQ3 polypeptide epitopes show these subunits concentrated at the axonal initial segment (AIS) and node of Ranvier. AIS concentration of KCNQ2 and KCNQ3, like that of voltage-gated sodium (Na V ) channels, is abolished in ankyrin-G knock-out mice. A short motif, common to KCNQ2 and KCNQ3, mediates both in vivo ankyrin-G interaction and retention of the subunits at the AIS. This KCNQ2/KCNQ3 motif is nearly identical to the sequence on Na V ␣ subunits that serves these functions. All identified Na V and KCNQ genes of worms, insects, and molluscs lack the ankyrin-G binding motif. In contrast, vertebrate orthologs of Na V ␣ subunits, KCNQ2, and KCNQ3 (including from bony fish, birds, and mammals) all possess the motif. Thus, concerted ankyrin-G interaction with KCNQ and Na V channels appears to have arisen through convergent molecular evolution, after the division between invertebrate and vertebrate lineages, but before the appearance of the last common jawed vertebrate ancestor. This includes the historical period when myelin also evolved.
Introduction
Although classic biophysical studies provide a general model for vertebrate action potential (AP) initiation and propagation (Coombs et al., 1957; Frankenhaeuser and Huxley, 1964) , questions remain regarding mechanisms underlying these important processes in mammals. It is agreed that mammalian spikes initiate in the proximal axon (Stuart et al., 1997) , but the precise site of initiation and mechanisms regulating threshold there are incompletely defined. The APs of mammalian peripheral myelinated axons lack the prominent "delayed rectifier" current that mediates repolarization and afterhyperpolarization in squid and frog fibers (Chiu et al., 1979) . Instead, mammalian axons exhibit a diversity of smaller K ϩ conductances (Vogel and Schwarz, 1995) . Except for juxtaparanodal Kv1.1/Kv1.2 channels, the molecular identities and distinctive functions of these mammalian K ϩ channels are uncertain (Scherer and Arroyo, 2002) . Biophysical considerations and studies of human disease suggest that these mammalian axonal K ϩ currents are important. Because K ϩ conductances shunt excitatory current, K ϩ channels concentrated near the proximal axonal spike initiation site could powerfully influence the AP threshold (Howard et al., 2005) . Similarly, K ϩ conductances further along the axon are thought to be important for preventing aberrant triggering of APs at more distal nodes . Indeed, mutations in the juxtaparanodal subunit Kv1.1 cause spontaneous epileptic seizures, bouts of uncoordinated movement, and aberrant APs that arise spontaneously in motoneuron axons (myokymia), both in humans and transgenic mice (Adelman et al., 1995; Smart et al., 1998; Zhou et al., 1999; Herson et al., 2003) .
Mutations in KCNQ2 and KCNQ3 (Kv7.2 and Kv7.3) also cause seizures and (in the case of KCNQ2) myokymia in humans (Dedek et al., 2001; Singh et al., 2003) . Both homomeric KCNQ2 and heteromeric KCNQ2/KCNQ3 channels mediate M-current (I M ), a K ϩ current that activates with slow kinetics at voltages above about Ϫ60 mV (Brown and Adams, 1980; Wang et al., 1998; Shapiro et al., 2000; Hadley et al., 2003) . KCNQ channels are molecular targets of flupirtine, a marketed nonopioid analgesic, retigabine, an antiepileptic agent in current clinical trials, and of many earlier-stage compounds in development for seizures or pain (Gribkoff, 2003) .
Using immunohistochemistry, Devaux et al. (2004) showed that KCNQ2 was precisely colocalized with Na V channels at nodes of Ranvier. Devaux et al. noted similarities between the kinetic and pharmacological properties of KCNQ currents and those of I Ks , a slow, low-voltage activated K ϩ current recorded at mammalian nodes (Röper and Schwarz, 1989) . Neuronal axon initial segments (AISs) in spinal cord and brain also stained strongly for KCNQ2 and, in a subset of cells, for KCNQ3. This AIS localization was intriguing, given the subthreshold activation voltage of KCNQ channels, and the above-mentioned role of the proximal axon in AP initiation. Interaction with the large adaptor protein ankyrin-G is the mechanism for selective retention of Na V channels at the AIS plasmalemma (Garrido et al., 2003; Lemaillet et al., 2003) . Here, we provide evidence that ankyrin-G interaction also mediates the AIS localization of KCNQ channels. Phylogenetic analysis suggests this shared mechanism for Na ϩ and K ϩ channel concentration at the AIS arose by convergent evolution, before the last common ancestor of jawed vertebrate species appeared.
Materials and Methods
Antibodies. All anti-KCNQ antibodies were raised against synthetic peptides and affinity-purified against the immunogens before use. Rabbit anti-KCNQ2-N (Cooper et al., 2001 ) and guinea pig anti-KCNQ2-C (Cooper et al., 2000) antibodies were described previously. KCNQ2-N is directed against residues 13-37 from the intracellular N-terminal region of KCNQ2, which appear to be absolutely conserved in mammals (Singh et al., 1998; Pan et al., 2001 ). The KCNQ2-C immunogen [KSKSGLAFRKDPPPEPSPSKGSPc; termed "KCNQ2C1" in Cooper et al. (2000) and representing residues 397-416 in the splice form described by Singh et al. (1998) ] is in a variably spliced region but is highly conserved among mammalian KCNQ2 orthologs. Guinea pig anti-KCNQ3b-N antibodies (Devaux et al., 2004) are directed against residues 36 -57 (AGDEERKVGLAPGDVEQVTLALc) from the N-terminal region of splice isoforms ("KCNQ3b") of KCNQ3 using the longer first exon ; this antibody does not recognize splice isoforms ("KCNQ3a") that include the shorter first exon (Wang et al., 1998) . Rabbit anti-KCNQ3-C (Cooper et al., 2000) detects residues 578-604 (STPKHKKSQKGSAFTFPSQQSPRNEPYc) of human KCNQ3 ; this peptide is absolutely conserved in mouse (but possibly not in rat; see GenBank AF087454.2). The sodium channel antibody used was PanNa V (clone K58/35; Sigma, St. Louis, MO), a mouse monoclonal antibody against a peptide highly conserved in all voltage-gated sodium channel isoforms (Rasband et al., 1998) . Immunodetection of hemagglutinin epitope (HA)-tagged constructs was performed using rat monoclonal (Roche, Basel, Switzerland) or mouse monoclonal (Covance, Princeton, NJ) antibodies. Secondary antibodies, highly purified to minimize cross-reactivity, were from Jackson ImmunoResearch (West Grove, PA).
cDNA constructs. Generation of cDNAs encoding full-length human KCNQ2 and KCNQ3b (Thomas Jentsch, University of Hamburg, Hamburg, Germany), rat KCNQ3a (David McKinnon, SUNY at Stony Brook, Stony Brook, NY), and human KCNQ5 (Klaus Steinmeyer, Aventis, Frankfurt am Main, Germany) have been described previously (Biervert et al., 1998; Schroeder et al., 1998; Wang et al., 1998; Lerche et al., 2000) . Generation of C-terminal green fluorescent protein (GFP)-tagged ankyrin-G (ankyrin-G-GFP) and N-terminal HA-tagged neurofascin (HA-NF) has been described previously (Garver et al., 1997; . All constructs were subcloned into either pcDNA3 (Invitrogen, San Diego, CA) or pEGFP-N1 (Clontech, Mountain View, CA), and bidirectionally sequenced before experimental use.
The spectrin-binding, serine-rich, and tail domains of full-length ankyrin-G-GFP were deleted through inverted PCR using pfu polymerase (Stratagene) to obtain AnkG-MB-GFP, which contains only the ϳ800-aa-long membrane-binding domain . Neurofascin fusion constructs were derived from construct HA-NF. Cytoplasmic domain-deleted neurofascin, HA-NF-DelC, was made by inverted PCR with pfu polymerase. To generate fusion proteins, we exploited a SpeI site introduced immediately upstream to the HA-NF-DelC stop codon. For HA-NF-Q2C, a cDNA encoding amino acids 570-844 of KCNQ2 was PCR-amplified to introduce a SpeI cut site at 5Ј end and a NotI site at 3Ј end. This was subcloned using the SpeI-NotI sites in HA-NF-DelC. A cDNA encoding amino acids 577-872 of rat KCNQ3a was PCR-amplified with introduction of a 5Ј ApaI cut site and a 3Ј NotI site; this piece was in-frame subcloned into ApaI-NotI sites of HA-NF-Delc to make HA-NF-Q3C. Similarly, a cDNA encoding residues 579-932 of KCNQ5 was PCR-amplified with the introduction of 5Ј ApaI and 3Ј NotI sites, and subcloned to make HA-NF-Q5C. To test the function of the putative KCNQ2/KCNQ3 ankyrin-G interaction motifs, we used PCR with pfu polymerase to generate mutant full-length or fusion protein constructs in which the residues ESD (810-812 of KCNQ2) or ETD (827-829 of KCNQ3) within the motifs were mutated to AAA. The full-length subunit constructs with ankyrin-G interaction motif mutations are referred to herein as KCNQ2(AAA) and KCNQ3(AAA); fusion protein constructs with these mutations are called HA-NF-Q2C(AAA) and HA-NF-Q3C(AAA).
Immunohistochemistry. All procedures involving rodents were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Mice were deeply anesthetized with halothane and killed by decapitation. Brains were rapidly dissected, blocked, and embedded using OTC (Sigma). Cryostat sections were cut at 10 -20 m, transferred to precooled SuperfrostPlus slides (Fisher Scientific, Houston, TX), and stored at Ϫ20°C overnight or until used. Sciatic nerves were dissected and placed in cold PBS solution. Fibers were teased using fine needles, transferred to slides, and allowed to air dry. Nerves were then stored at Ϫ20°C overnight or until used.
Antibody immunoreactions on tissue sections or nerves were performed essentially as described previously (Devaux et al., 2004) . Briefly, specimens were permeabilized and extracted, and nonspecific binding sites blocked, by incubation with Tris-buffered saline solution containing 0.5% Triton X-100 and 5% fish skin gelatin for 1 h. Nerves were then incubated with primary antibodies in blocking buffer (with 0.2% Triton X-100) for 15-18 h, washed, incubated with secondary antibodies for 2 h, washed, counterstained with the nucleic acid-binding dye 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen), and coverslipped using ProLong antifade reagent (Invitrogen). For all antibody combinations, single-label and secondary-only control samples were processed in parallel with multilabel samples; these revealed no evidence of antibody cross-reactivity.
Cultured transfected hippocampal neurons on coverslips were fixed with 4% paraformaldehyde in PBS and blocked with 4% nonfat milk (in PBS). Surface expression of HA-NF chimeric proteins was then detected with mouse monoclonal anti-HA antibodies (Covance). Cells were then permeabilized (0.2% Triton X-100 in PBS), blocked again, and reacted with antibodies against microtubule associated protein-2 (MAP2) (rabbit polyclonal; Covance), Na channels (PanNa V ; Sigma), and endogenous KCNQ2 and KCNQ3 subunits.
Wide-field microscopy: image acquisition and analysis. Immunolocalization experiments were performed using a Nikon (Melville, NY) TE2000 microscope equipped for epifluorescence and differential interference contrast (DIC), using 4-40ϫ dry and 60ϫ, 1.4 numerical aperture (NA) oil immersion objectives, a z-axis motor with feedback probe (Prior Scientific, Cambridge, UK), and a Spot KE Slider cooled CCD camera (Diagnostic Instruments, Sterling Heights, MI) under the control of Image-Pro Plus 5.0 software (Media Cybernetics, Silver Spring, MD).
In some experiments, as noted below, the subcellular localization or colocalization of proteins was assayed using wide-field deconvolution microscopy (Scriven et al., 2000; Swedlow and Platani, 2002) . Images were acquired using the 60ϫ objective and a 1.5ϫ projection lens, giving pixel x-y dimensions of 82 ϫ 82 nm. Coregistration of color channel data in each image axis was established using latex fluorospheres (Invitrogen). For each sample and color channel, 60-90 images were acquired at 0.27 m z-step intervals. Deconvolution was performed using 10-40 iterations of a blind deconvolution algorithm in AutoDeblur software (AutoQuant, Troy, NY). Where indicated in Results, images showing maximal intensity projections of two to four deconvolved optical sections were generated using the AutoVisualize software plug-in (AutoQuant).
Subcellular redistribution assays. Methods and theory for this assay have been described previously in detail . Human embryonic kidney (HEK) 293 cells were cultured in 10% fetal bovine serum in DMEM, and transfected using FuGENE 6 (Roche) following the manufacturer's protocol. Transfections were performed with pairs of constructs: efficiently membranetargeted "bait" constructs (including the HA-tagged ectomembrane and transmembrane domains of neurofascin and, where applicable, intracellular portions of KCNQ subunits) and "reporters" consisting of either GFP-tagged full-length ankyrin-G or the ϳ800-aa-long, ankyrin-G "membrane-binding" domain (AnkG-MB-GFP) . Two days after transfection, cells were washed three times with PBS, and then fixed in freshly diluted 3.5% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 20 min. Cells were washed three times, blocked (10% normal goat serum, 2% bovine serum albumin in PBS) for 5 min, and then reacted with rat monoclonal anti-HA antibodies (Roche). Cells were washed three times with PBS then incubated with Cy3-conjugated anti-rat IgG antibodies. Preliminary results in this assay were similar for the full-length ankyrin-G-GFP and AnkG-MB-GFP, but the redistribution of GFP fluorescence to the membrane and clearing of the cytoplasm and nuclei was generally more robust when the smaller AnkG-MB-GFP was used. Because results with full-length ankyrin-G could be confounded by competing interactions between, for example, the native HEK 293 cell cytoskeleton and the spectrin-binding domains, we systematically analyzed and present here results using the AnkG-MB-GFP construct only.
For statistical analysis, we surveyed coverslips for anti-HA-positive cells (i.e., expressing neurofascin or its fusion constructs), and then examined the distribution of green fluorescence. Cells were classified as either possessing or lacking an easily detected cytoplasmic clearing and a surface "edge" in green fluorescence that colocalized with anti-HA staining, representative of membrane-associated AnkG-MB-GFP. Nuclei were labeled with DAPI, allowing identification and exclusion from analysis of smaller cells lacking a clearly defined cytoplasmic compartment. For each condition, we tabulated results for 100 cells/condition/experiment; data shown are average (ϮSEM) of three separate transfection experiments.
Fluorescence recovery after photobleaching assay for ankyrin-G membrane-binding domain immobilization. The rationale of the assay is that proteins that are integral to or associated with the membranes of intracellular organelles or the plasmalemma are less mobile than soluble proteins freely diffusing in the cytoplasm (Lippincott-Schwartz et al., 2003) . Therefore, interaction between a cytoplasmic, fluorescently tagged reporter protein and the cytoplasm-facing domain of a transfected membrane protein may be detectable as a reduction in mobility of the reporter measurable by a reduced rate of fluorescence recovery after photobleaching (FRAP), and/or an increase in the immobilized fraction. Because the endodomains of proteins destined for delivery to the plasmalemma (such as ion channels) always face the cytoplasmic compartment, the FRAP immobilization assay allows analysis of interaction with intracellular as well as surface-localized proteins. Important assumptions include that competing interactions of the reporter do not dominate, that the binding partners under investigation are truly accessible to each other, and that the concentrations of the binding partners and the interaction kinetics under investigation allow the "bound" fraction signal to be detected.
AnkG-MB-GFP was chosen as the reporter after preliminary experiments in which the mobility of AnkG-MB-GFP and full-length ankyrin-G-GFP constructs were compared, expressed alone without integral membrane protein binding partners. AnkG-MB-GFP exhibited faster and more complete FRAP than full-length ankyrin-G-GFP. This result was as expected based on the size difference between the two constructs and previous results Lippincott-Schwartz et al., 2003) . Because the informative signal in our immobilization assay is the difference in FRAP between the more mobile, cytoplasmic ankyrin-Gbased reporter and the less mobile, coexpressed integral membrane proteins, AnkG-MB-GFP was used for subsequent experiments.
Cells were transfected with the following constructs: AnkG-MB-GFP alone; AnkG-MB-GFP, and human KCNQ2; AnkG-MB-GFP, human KCNQ2, and rat KCNQ3; or AnkG-MB-GFP, KCNQ2(AAA), and KCNQ3(AAA). Experiments was performed at room temperature on living HEK 293 cells, using an inverted confocal microscope (FV1000 instrument and FV10-ASW software; Olympus Optical, Tokyo, Japan), fitted with a 60ϫ, 1.4 NA oil immersion objective lens, a 25 mW/405 nm violet light emitting diode laser for regional photobleaching, and a 10 mW visible light argon laser for sample illumination/image collection. For each condition, AnkG-MB-GFP and total channel subunit plasmids were transfected at a 1:1 molar ratio. Individual cells exhibiting mediumintensity, homogeneous-appearing green fluorescence were selected for FRAP. Extensive preliminary experiments were used to optimize laser power, duration of photobleaching, and duration of experimental trials. GFP fluorescence was monitored (1 s intervals; 434 ms duration) using the 488 nm laser line (0.4% excitation power). For the experiments shown, baseline data were collected for 4950 ms, bleaching (10% power setting, 405 nm) was performed for 50 ms on the region of interest (ROI) (a 2.5 m diameter circle), and recovery was monitored over an additional 55 s.
Images collected included the entire cell, and only cells that showed no detectable changes in shape or position during the experiment were further analyzed. To determine FRAP curves (see Fig. 5B ), intensity in the UV-laser bleached ROI was first normalized to a second "reference region" of equal size and average initial intensity, to control for bleaching resulting from image collection alone (typically, ϳ10%). Recovery was calculated according to the following formula (Tanimura et al., 2003) 
, where rI ϭ (I b Ϫ I r ), I b is the average fluorescence intensity of the ROI, I r is the intensity of the reference region, rI (pre) is the initial (prebleach) relative intensity, rI (post) is the postbleach relative intensity, and rI (t) is the relative intensity at each time point. The final fluorescence intensity of the bleached ROI generally did not reach the normalized final values of the reference region. The difference between 100% and the observed percent recovery in the bleached ROI represents the "immobile fraction" in FRAP analyses (Lippincott-Schwartz et al., 2003) . The recovery time constants were calculated by least-squares regression using the following equation: % Recovery ϭ A[1 Ϫ exp(Ϫt/)], where is the time constant and A is the mobile fraction.
Western blot analysis. Western blots were performed using HEK 293 cells transfected using conditions identical to those used for FRAP. Two days after transfection, cells were washed with PBS, and then lysed in buffer containing 1% Triton, 1ϫ Complete (Roche) protease inhibitor mixture, and the following (in mM): 40 Tris-HCl, 150 NaCl, and 1 DTT. The lysate was incubated on ice for 30 min and centrifuged at 16,000 ϫ g for 30 min at 4°C. Proteins in the supernatant were denatured in SDS sample buffer, subjected to PAGE and electrotransfer, and blotted using antibodies KCNQ2-N and KCNQ3-C. Westerns were developed using enhanced chemiluminescence reagents and preflashed film (Amersham Biosciences, Arlington Heights, IL). Filters used for channel subunit immunoblots were subsequently reprobed using mouse anti-tubulin antibodies (Sigma). Film images were digitized with an Epson 3400 Perfection scanner. Densitometry was performed using ImageQuant software (Molecular Dynamics, Sunnyvale, CA), and data were exported to Excel for analysis. For each channel immunoblot band, total intensity was normalized to that of the associated tubulin band.
Hippocampal neuronal lipid-mediated transfection and electroporation. Hippocampal neurons were dissociated from brains of embryonic day 18 (E18) Sprague Dawley rats and cultured in NeuroBasal medium, by methods previously described in detail (Buchhalter and Dichter, 1991) . Two methods of introducing cDNAs into hippocampal neurons were used. When the experimental aims required neuronal immunostaining Ͻ7-10 d after transfection, we performed lipid-mediated transfection (Lipofectamine 2000; Invitrogen) of neurons that had been cultured on coverslips for 7-10 d before transfection. When immunostaining was planned for Ͼ7-10 d after transfection, cDNAs were introduced at the time of dissociation by electroporation, using a rat neuron nucleofector system (Amaxa, Gaithersburg, MD) following the manufacturer's protocol (Program O-03), and 2 g plasmid per condition. Neurons were then plated at low density (100,000/dish) under serum-free conditions. The nucleofector system gave much higher transfection efficiencies (50%) than lipid mediated transfection, but cells were too fragile and axons too immature to allow analysis during the first days after nucleofection/plating; therefore, both approaches were used.
To test the detergent resistance of HA-tagged fusion proteins expressed in cultured neurons, a protocol modified after Winckler et al. (1999) was used. Coverslips plated with transfected neurons were washed three times quickly with PBS, incubated with mouse anti-HA antibodies (1:1000) in PBS for 30 min at room temperature, and washed again with PBS. The neurons were then incubated in extraction buffer (30 mM PIPES, 1 mM MgCl 2 , 5 mM EDTA, 0.5% Triton X-100) for 5 min at 37°C, washed three times quickly with PBS, and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. After three additional PBS washes, nonspecific sites were blocked by incubation with 4% nonfat dry milk for 5 min in PBS. Then, cells were incubated with chicken anti-MAP2 or rabbit anti-AnkG antibodies in PBS with 4% milk for 1 h at room temperature. Finally, cells were washed, incubated with secondary antibodies, washed, counterstained with DAPI, and mounted on slides in ProLong (Invitrogen).
Immunostaining of fixed neurons was performed as described for HEK 293 cells above, with several modifications. Neurons were fixed (4% formaldehyde in PBS), and then blocked (4% nonfat dry milk in PBS, no detergent). Cells were incubated sequentially with mouse monoclonal anti-HA antibodies (HA1.11; 1:1000; Covance) and Cy3-conjugated anti-mouse IgG to detect surface expressed HA-tagged chimeric proteins. Cells were then permeabilized (0.2% Triton X-100 in PBS) and incubated with anti-MAP2 antibodies (chicken polyclonal; 1:10,000; Covance) and FITC-conjugated anti-chicken IgG. Under FITC illumination, 12-mm-diameter coverslips were systematically surveyed for neurons, identified by morphology of MAP2 staining. In many cases, axons and AISs were readily identifiable by their characteristic thinner profile and low, but detectable MAP2 staining compared with that of dendrites. Identified neurons were then examined for Cy3 (anti-HA) staining. The data are expressed as the number of cells with anti-HA concentration at proximal axons per 100 MAP2-positive neurons.
Electrophysiology. HEK 293 cells were cotransfected with KCNQ2 and KCNQ3, or KCNQ2(AAA) and KCNQ3(AAA), with or without fulllength ankyrin-G-GFP using FuGENE 6. Full-length ankyrin-G-GFP was used for electrophysiological experiments, rather than AnkG-MB-GFP, to more closely mimic in vivo conditions. Whenever cotransfected, ankyrin-G-GFP and total KCNQ (KCNQ2 alone or KCNQ2 and KCNQ3) plasmids were used at equimolar concentrations. When ankyrin-G-GFP was coexpressed, this served as a marker for selection of individual cells for recording. Otherwise, pEGFP-C1 (Clontech), cotransfected at a ratio of 1:20 compared with channel subunits, was used for this purpose. Whole-cell patch-clamp recordings were performed 2-3 d after transfection, on well isolated green fluorescent cells. Patch pipettes (1.5-3.0 M⍀) were filled with the following (in mM): 120 KCl, 5.4 CaCl 2 , 1.8 MgCl 2 , 10 HEPES, 10 EGTA, 1.6 Mg-ATP, adjusted to pH of 7.2 with KOH. External solution contained the following (in mM): 4 KCl, 140 NaCl, 2 CaCl 2 , 1.0 MgCl 2 , and 10 HEPES, pH 7.4. Only cells with access resistances Ͻ10 M⍀ were used for recordings. The setup consisted of an Axopatch 200A amplifier, Digidata 1322A (Molecular Devices, Foster City, CA) interface, Nikon TE300 inverted microscope, and Sutter MPC-285 micromanipulator (Sutter Instrument, Novato, CA). Data were acquired (5 kHz) and filtered at 2 kHz using pCLAMP 9.0 software (Molecular Devices) running on a Hewlett-Packard (Palo Alto, CA) personal computer. Capacitance and access resistance were compensated to 90%. All measurements were obtained at room temperature (ϳ22°C).
To evaluate deactivation kinetics (see Fig. 6 Ai,Bi), cells were held at Ϫ80 mV for 1 s, depolarized to 0 mV for 1.5 s, and then repolarized to test voltages between Ϫ80 mV and 0 mV in 10 mV increments for 1.5 s. To determine activation kinetics (see Fig. 6 Aii,Biii), cells were held at Ϫ80 mV, and then stepped to test potentials between Ϫ80 mV and ϩ50 mV for 1.5 s. Tail current amplitudes were measured at Ϫ60 mV from the decaying time course of deactivating current as the difference between the average of a 10 ms segment, taken 10 -20 ms into the hyperpolarizing step, and normalized to values obtained at ϩ50 mV. For all protocols, a 17 s interpulse interval at Ϫ80 mV was used. Data are represented as mean Ϯ SEM. Voltage dependence was fitted by the Boltzmann equa-
where I is the tail current recorded at Ϫ60 mV after a step to the membrane potential (V m ), I (50) is the current after a step to ϩ50 mV, V 0.5 is the membrane potential at which I is equal to I (50) /2, and k is the slope factor. Clampfit 9.0 (Molecular Devices) was used for fitting steady-state activation and deactivation curves. Monoexponential fitting was performed both for activation and deactivation kinetics.
Phylogenetic analysis. We searched National Center for Biotechnology Information (NCBI) protein and genome databases to identify all KCNQ and Na V sequences of invertebrates and vertebrates. First, the full-length KCNQ cDNAs were identified by BLAST searching NCBI databases, using the tBLASTn program and a very highly conserved KCNQ channel peptide sequence (KRKFKESLRPYDVMDVIEQYSAGH, located in the C2 region) (Fig. 2 ) that includes part of the subunit interaction domain (Schwake et al. 2003) . Similarly, Na V clones were identified by tBLASTn searches using the PanNa V immunogen peptide (TEEQKKYYNAM-KKLGSKK), which corresponds to a highly conserved portion of the intracellular linker between homology domains III and IV, responsible for fast inactivation (Stuhmer et al., 1989; Rasband et al., 1998) . Sequence alignments of KCNQ and Na V polypeptides were performed using ClustalW, version 1.5, implemented in DS Gene 1.5 (Accelyrs, San Diego, CA). Alignment parameters were as follows: (1) for pairwise alignment: matrix, BLOSUM; open gap penalty, 10; extend gap penalty, 0.1; (2) for multiple alignment: matrix, BLOSUM; gap penalty, 10; extend gap penalty, 0.05; delay divergent (%), 40. After alignment, the phylogenetic tree of Na V and KCNQ member subunits from invertebrates and vertebrates was constructed using DS Gene, using neighbor joining as the treebuilding method.
Results

KCNQ2 and KCNQ3 are colocalized at neuronal axon initial segments and nodes of Ranvier of many neurons in the mouse
Recently, Devaux et al. (2004) reported that KCNQ2 immunoreactivity was a ubiquitous feature at central and peripheral nodes and AISs. Devaux et al. found KCNQ3 in only a subpopulation of nodes, and at the AISs of only some neuronal types in rat brain and spinal cord. This was surprising for two reasons. First, it is well established that heterologous coexpression of KCNQ2 and KCNQ3 subunits results in much larger currents compared with those resulting from expression of KCNQ2 alone Yang et al., 1998; Schwake et al., 2000; Selyanko et al., 2001; Surti et al., 2005) . In addition, native KCNQ channels in superior cervical ganglion, hippocampal, and striatal medium spiny neurons appear to be predominantly KCNQ2/KCNQ3 heterotetramers (Wang et al., 1998; Selyanko et al., 2002; Shah et al., 2002; Shen et al., 2005) . Nonetheless, some recent evidence points to expression of KCNQ2 homotetramers by some neurons (Saganich et al., 2001; Hadley et al., 2003) .
To further assess this, we investigated the possibility that our previously reported results reflected differential expression of KCNQ3 splice isoforms. We found cDNA clones in GenBank indicating that two different KCNQ3 isoforms, previously reported but never subjected to comparative study, are expressed in mammalian brain Wang et al., 1998) . The initial portions of the N-terminal intracellular domains of these isoforms are completely distinctive, apparently because of the use of alternative first exons. We called these isoforms, containing shorter and longer N-terminal regions, KCNQ3a and KCNQ3b, respectively. Because the antibody used by Devaux et al. (2004) was specific for KCNQ3b, we reanalyzed the distribution of KCNQ3 immunoreactivity in mouse peripheral nerve, spinal cord, and brain, using both anti-KCNQ3b-N and an antibody [anti-KCNQ3-C (Cooper et al., 2000) ] directed against a C-terminal epitope that is conserved in known mouse KCNQ3 variants (Fig. 1) . Anti-KCNQ3-C antibodies strongly labeled nar- Figure 1 . KCNQ2, KCNQ3, and Na V channels are concentrated at the node of Ranvier and AIS. A, Teased sciatic nerve fibers show staining for KCNQ3 at nodes of Ranvier. The KCNQ3-C immunostain (red) is located in patches, flanked by staining for Kv1.2 (green), a marker of the juxtaparanodes. B, Superimposed DIC and immunofluorescence images show several teased sciatic nerve fibers, including two nodes of Ranvier (dashed boxed regions in main image). As indicated, the Kv1.2 antibody (green in main image, bottom panels in insets) labels both juxtaparanodes (jpn) strongly. KCNQ3-C antibodies (red in main image, top panels in insets) label the upper node strongly but show only a tiny area of weak staining at the lower node. C, Single teased fiber showing colocalized KCNQ3-C (red) and Na V (green) staining at a node (n). The paranode (p) is partially demyelinated, as seen in the DIC image. D, Longitudinal optical z-section through the center of a single sciatic nerve fiber stained using KCNQ2-C (green) and KCNQ3-C (red) antibodies, obtained by wide-field deconvolution microscopy (see Materials and Methods). Both antibodies show strong colabeling at the membrane of node of Ranvier, but only KCNQ3-C shows light additional staining of myelin. The bottom panels show the nodal region at higher magnification. E, Strong colabeling at AIS of a large motoneuron in the spinal cord ventral horn by KCNQ2-C (red) and KCNQ3-C (green). F, A Purkinje cell AIS is intensely colabeled by Na V (red) and KCNQ3-C (green) antibodies. KCNQ3-C also stains the nucleus of this cell type (pc nuc). Cerebellar cortical layers (mol, molecular; pc, Purkinje cell; gc, granule cell) are indicated. G, Colabeling of cerebellar white matter nodes of Ranvier by Na V (red) and KCNQ3-C (green) antibodies, one with ring appearance. H, The diagram at the left shows the arrangement of somata, dendrites, and axons in hippocampal area CA1. Pyramidal cells, with somata clustered in the stratum pyrimidale (pyr) and apical dendrites (den) in the stratum radiatum (rad), give off axons (green) that enter stratum oriens (ori), acquire myelin, and travel to the subiculum within the alveus (alv). The color micrographs show that CA1 AISs are labeled by KCNQ2-N and KCNQ3b-N antibodies (green), as indicated. Grayscale insets show colabeling of AISs in boxed regions by Na V antibodies. I, Colabeling of CA1 pyramidal cell AISs by KCNQ2-C (green) and Na V antibodies (red). J, Colabeling of AISs of cortical layer 5 neurons by KCNQ3-C (green) and Na V antibodies (red). In these neurons, Na V staining begins more proximally on the axon than does KCNQ3-C (arrows), as previously shown for KCNQ2 (Devaux et row ϳ1 m patches scattered along teased fibers of mouse sciatic nerve (Fig. 1 A) . We colabeled fibers with anti-KCNQ3-C and monoclonal antibodies against Kv1.2, which is localized to the juxtaparanodes (Wang et al., 1993) . Kv1.2 staining symmetrically flanked the KCNQ3-C-stained patches (Fig. 1 A, B) , and superimposition of DIC and immunofluorescence images revealed that the KCNQ3-C stain was precisely localized at nodes (Fig.  1 B) . The intensity of KCNQ3-C staining at sciatic nerve nodes was strikingly variable, unlike the results previously reported for KCNQ2 (Devaux et al., 2004) . Thus, some nodes exhibited strong KCNQ3-C staining, whereas at other nodes, KCNQ3-C staining was weak or absent ( Fig. 1 B, insets) . Superimposition of DIC and fluorescence images of nodes colabeled for KCNQ3-C and Na V channels revealed that staining of both antibodies was concentrated at the node (Fig. 1C) . The nodal immunostaining for both channel types frequently appeared as parallel lines in high magnification images (Fig. 1C) , suggesting that the channels were present at the nodal membrane. Such "near-membrane" nodal staining was previously documented for KCNQ2 by confocal imaging (Devaux et al., 2004) . Efforts to use postembedding immunogold methods to localize the KCNQ subunits ultrastructurally proved unsuccessful (see Discussion). To obtain optimal lightlevel localization of the nodal KCNQ2 and KCNQ3 immunostaining, we processed Z-stacks of high-magnification immunofluorescence images through a deconvolution algorithm. Deconvolved optical sections through the node showed that the two subunits were tightly colocalized, primarily in linear bands likely representing the nodal membrane (KCNQ2-C and KCNQ3-C antibodies) (Fig. 1 D) .
KCNQ3-C antibodies also stained the AISs of all neuronal types systematically examined for the current study, including the AISs of neuronal types [e.g., spinal motoneurons (Fig. 1 E) , cerebellar Purkinje cells (Fig. 1 F) ] that lacked detectable AIS staining with KCNQ3b-specific antibodies (Devaux et al., 2004) . Many nodes of Ranvier in brain [e.g., cerebellar white matter (Fig. 1G) ] also exhibited strong anti-KCNQ3-C stain. AISs of hippocampal CA1 pyramidal cells (Fig. 1 H, KCNQ2 -N and KCNQ3b-N; I, KCNQ2-C) and cortical layer 5 neurons (Fig. 1 J, KCNQ3-C) were also strongly stained.
The detection of KCNQ2 and KCNQ3 immunoreactivity at nodes and AISs required a protocol that, to our knowledge, has been little used in previous studies of ion channel immunolocalization in brain, but which was modified from protocols that have proved useful for revealing the localization of proteins embedded in the myelin sheaths of peripheral nerves (Scherer et al., 1995) . Fresh tissue blocks were rapidly frozen, cryosectioned, and extracted with 0.2-0.5% Triton X-100 before reactions with antibodies (see Materials and Methods). Labeling of an apparently intracellular pool of KCNQ channels localized to somata of interneurons, seen previously in aldehyde-fixed sections (Cooper et al., 2001) , was abolished in this unfixed, detergent-extracted tissue. Conversely, fixation with aldehydes made detection of KCNQ2 and KCNQ3 staining of AISs and nodes undetectable. Based on labeling with four different antibodies, we conclude that detergent-resistant subpopulations of KCNQ2 and KCNQ3 subunits are specifically concentrated near Na V channels at nodes and AISs, in sciatic nerve, spinal cord, cerebellar cortex, hippocampus, and cerebral cortex.
The markedly variable nodal labeling by KCNQ3 antibodies (Fig. 1 B) (Devaux et al., 2004) stood in contrast to the highly restricted and intense staining by KCNQ2 and Na V channel antibodies. Sciatic nerve contains a mixture of motor and sensory myelinated fibers that vary considerably in size, conduction velocity, pharmacology, and physiological function (Schmalbruch, 1986; Gokin et al., 2001; Vleggeert-Lankamp et al., 2004 ). We could not further assess whether KCNQ3 staining variability was reflecting heterogeneous subunit composition of axonal KCNQ proteins, or mere technical issues, such as selective extraction of KCNQ3 subunits from some nodes by detergent, or the potential inability of our antibodies to detect all KCNQ3 subunit isoforms. Rather than exploring further the possible diversity of nodal KCNQ channels, we elected to search for a mechanism that might mediate the robust targeting and/or stabilization of KCNQ2 and KCNQ3 subunits seen at many AISs and nodes.
KCNQ2 and KCNQ3 share C3, a distal C-terminal domain containing a putative ankyrin-G binding loop Ankyrin-G and ankyrin-B are large adaptor proteins (190 -480 kDa, depending on splicing) that bind multiple integral membrane proteins and mediate their interactions with the detergentresistant actin-spectrin cortical cytoskeleton (Bennett and Baines, 2001) . Given the established importance of ankyrin-G for assembly of AISs (Zhou et al., 1998; Bennett, 2001, 2002) and previous biochemical evidence that some brain KCNQ2/KCNQ3 channels are part of the detergent-resistant protein complex (Cooper et al., 2000) , we scrutinized the KCNQ family polypeptides for sequences homologous to known ankyrin interaction motifs (Zhang et al., , 2000 Chang and Low, 2003; Garrido et al., 2003; Lemaillet et al., 2003) . The C-terminal regions of all KCNQ subunits include a very proximal conserved segment, C1, containing sites for binding calmodulin and phosphatidylinositol bisphosphate (PIP2), and another conserved region, C2, containing sequences important for tetramerization and subunit interaction (Wen and Levitan, 2002; Yus-Najera et al., 2002; Hoshi et al., 2003; Schwake et al., 2003; Zhang et al., 2003) (Fig. 2) . We identified a more distal ϳ80 aa section that was highly conserved (51% identity/69% allowing conservative substitutions) in KCNQ2 and KCNQ3, but completely absent in other KCNQ family members (Fig. 2 B, C) . Within this domain, which we called C3, we found most of the residues of a ϳ10 aa ankyrin-G interaction motif (Fig. 2C) , recently identified as necessary and sufficient for the concentration of Na V channels at AISs (Garrido et al., 2003; Lemaillet et al., 2003) .
Concentration of KCNQ2 and KCNQ3 at AISs is abolished in cerebellar neurons lacking ankyrin-G
To test whether ankyrin-G is necessary for concentration of KCNQ2 and KCNQ3 subunits at AISs, we used mutant mice lacking ankyrin-G expression in most neurons of cerebellar cortex (Zhou et al., 1998) . Ankyrin-G-deficient Purkinje cells from these mice fail to concentrate Na V channels and neurofascin at AISs and show reduced action potential firing responses to excitatory stimulation (Zhou et al., 1998) . We compared labeling results using antibodies against KCNQ2, KCNQ3, and Na V channels in cerebellar sections cut from mutant mice and littermate controls.
In controls, KCNQ2-N (data not shown), and KCNQ2-C, KCNQ3-C, and PanNa V antibodies (Fig. 3A ) strongly labeled the distinctively shaped AISs of cerebellar stellate, basket, Purkinje, and granule cells. In ankyrin-G mutant animals, the staining of these AISs for Na V channels was abolished, as was staining for KCNQ2 and KCNQ3 (Fig. 3B) . Staining of AISs and nodes by anti-KCNQ and Na V antibodies was normal outside the cerebellar cortex, consistent with the previously documented regional specificity of the ankyrin-G knock-out (data not shown). In addition, in the granule cell layer only, a few AISs retained strong Na V , KCNQ2, and KCNQ3 staining (Fig. 3B, circles) . These AISs were thicker and longer than the very fine, abundant AISs of the granule cells seen in sections from wild-type mice (Fig. 3A , fourheaded arrows). Thus, a small population of cerebellar cortical neurons, restricted to the granule cell layer but likely larger in size than the granule cells themselves, may express a distinctive ankyrin-G isoform at the AISs.
An additional striking finding was that anti-KCNQ3 antibodies, but not anti-KCNQ2 antibodies, very strongly labeled irregular patches, 3-10 m in diameter, located exclusively in the granule cell layer (Fig. 3Aiv , labeled "Glom"). Colabeling using the blue nucleic acid stain, DAPI, showed that these KCNQ3-immunoreactive patches were not clusters of granule cell somata (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). DAPI labels granule cell somata strongly, but the KCNQ3-stained patches were always located in positions unlabeled by DAPI. Strong KCNQ3 staining of these patches was preserved in the ankyrin-G knock-out mice ( Fig. 3Biv and supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), despite the fact that KCNQ3-C staining of most granule cell layer AISs, as noted above, was abolished. Although the identity of the structures in these patches labeled by KCNQ3 antibodies was not further elucidated, the shape and distribution of the patches were suggestive of the cerebellar glomeruli, morphologically and functionally complex synaptic structures formed by afferent mossy fiber axon terminal expansions, granule cell dendrites, and Golgi cell axon terminals (Anderson and Flumerfelt, 1984) . Thus, channels containing KCNQ3, but not KCNQ2, may be targeted or stabilized at one or more of these glomerular components, independent of expression of the main cerebellar cortical isoform of ankyrin-G.
The C3 domain motif is sufficient for ankyrin-G interaction
To test whether the C3 domain motif of KCNQ2 and/or KCNQ3 was capable of interacting with ankyrin-G, we generated a set of fusion proteins containing the extracellular and transmembrane domains of neurofascin and the distal C-terminal regions of KCNQ2, KCNQ3, and KCNQ5 (see Materials and Methods). We expressed these constructs individually along with the GFP-tagged ankyrin-G membrane binding domain (AnkG-MB-GFP) and studied the subcellular distribution of GFP fluorescence in live and fixed cells . In cells expressing AnkG-MB-GFP alone, GFP fluorescence exhibited an inhomogeneous, cytoplasmic (and often intranuclear) pattern (Fig. 4 Ai, representative image; ii, intensity histogram). In cells coexpressing AnkG-MB-GFP and fulllength neurofascin (HA-NF), GFP fluorescence was strongly redistributed to the cell membrane, resulting in a clearing of the cytoplasmic compartment (and, variably, of the nucleus), and the appearance of a distinct, membrane-associated edge of GFP fluorescence (Fig. 4 B) . Truncated neurofascin (HA-NF-DelC), lacking the motif that binds AnkG-MB, exhibited a complete loss of ability to redistribute AnkG-MB-GFP fluorescence (Fig. 4C) . The neurofascin-KCNQ2C fusion protein (HA-NF-Q2C) strongly redistributed AnkG-MB-GFP fluorescence to the cell surface (Fig. 4 D) . Mutation of three conserved residues in the KCNQ2 C3 domain putative ankyrin-G binding motif (residues 810 -812, ESD3 AAA) completely abolished the ability of the HA-NF-Q2C to redistribute AnkG-MB-GFP (Fig. 4 E) .
A fusion protein of neurofascin and the distal C-terminal region of KCNQ3 (HA-NF-Q3C) also redistributed AnkG-MB-GFP fluorescence to the cell surface and cleared the cytoplasmic compartment (Fig. 4 F) but was less effective than either HA-NF or HA-NF-Q2C. Only 33.3 Ϯ 6.8% of HA-NF-Q3C-transfected cells were scored as showing the redistribution, compared with 99 Ϯ 1.0% of cells transfected with HA-NF or HA-NF-Q2C. Nonetheless, fusion proteins mutated at conserved residues in the putative C3 domain motif of KCNQ3 (ETD3827AAA), although efficiently expressed and targeted to the cell surface, exhibited complete loss of ability to redistribute AnkG-MB-GFP from the cytoplasm to the membrane (Fig. 4G) . A neurofascin-KCNQ5 C-terminal fusion protein was unable to redistribute AnkG-MB-GFP (data not shown). GFP itself (lacking ankyrin-G-MB) was not redistributed by neurofascin or the neurofascin-KCNQ2/KCNQ3 fusion proteins (data not shown). We conclude that the KCNQ2/KCNQ3 motif, in the context of the C3 domain, is sufficient to bind the MB domain of ankyrin-G in living cells. , and Na V channels at AISs of cerebellar cortical neurons requires ankyrin-G. A, Cerebellum of wild-type mice shows intense staining of AISs and nodes using antibodies against Na V channels (i, red in iii and iv), KCNQ2 (ii, green in iii), or KCNQ3 (green in iv). In iii and iv, nuclei are counterstained with the DNA-binding dye DAPI (blue). AISs of stellate cells (single-headed arrow), basket cells (double-headed arrows), Purkinje cells (triple-headed arrows), and granule cells (four-headed arrows) exhibit distinctive morphologies, and are all colabeled by the three antibodies. In white matter, nodes (arrowheads) are also labeled. KCNQ3-C (iv) but not KCNQ2-C (ii) (also, KCNQ3b-N, but not KCNQ2-N, not shown), labels ϳ5 m 2 structures in the molecular layer only. The location, appearance, and distribution of these structures suggest they may correspond to cerebellar glomeruli (Glom). B, KCNQ2, KCNQ3, and Na V channel targeting to AISs is absent in ankyrin-G mutant mice. No stellate, basket, Purkinje, or granule cell AISs are seen. Rare AISs are seen in the granule cell layer (circles). These are considerably larger and thicker than granule cell AISs. In white matter, some nodes still stain for all markers; in granule cell layer, putative mossy fiber presynaptic termini also stain for KCNQ3. ML, Molecular layer; PC, Purkinje cell layer; GC, granule cell layer; WM, white matter. Scale bar, 20 m.
The C3 domain motif is necessary for ankyrin-G interaction with intact KCNQ2/KCNQ3 channels To extend the above findings, we coexpressed full-length KCNQ2 and KCNQ3 and studied the distribution of the proteins by imaging of immunostained cells. We found the proteins to be highly retained intracellularly, without an apparent enrichment (or visible edge) at the cell surface (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Because fulllength KCNQ2 and KCNQ3 subunits were thus not suitable for use as bait in the surface redistribution assay, we developed an approach using FRAP to monitor interaction between ankyrin-G and full-length channel subunits.
In our FRAP assay, we expressed the AnkG-MB-GFP reporter either alone in HEK 293 cells or in combination with full-length KCNQ2/KCNQ3 wild-type channels, KCNQ2 homotetrameric channels, or mutant KCNQ2/KCNQ3 heteromeric channels harboring the C3 domain motif mutations that abolished activity in the surface redistribution assay. Membrane proteins are less mobile than freely diffusing soluble proteins; thus, it is expected that interaction between AnkG-MB-GFP and the channel subunits could result in reduced mobility of AnkG-MB-GFP, detectable as slower and/or incomplete FRAP (Fig. 5) . Photobleaching of AnkG-MB-GFP, expressed alone, resulted in rapid and nearly complete recovery of fluorescence ( ϭ 4.49 Ϯ 0.12 s; mobile fraction, 89 Ϯ 2.9%; n ϭ 10) (Fig. 5B) . Coexpression of AnkG-MB-GFP with KCNQ2 tetrameric channels, or with KCNQ2/KCNQ3 heteromeric channels, resulted in AnkG-MB-GFP FRAP that was slower and less complete ( ϭ 7.04 Ϯ 0.84 s; mobile fraction, 71.1 Ϯ 1.6%; n ϭ 7; and ϭ 11.16 Ϯ 0.58 s; mobile fraction, 68.3 Ϯ 4.2%; n ϭ 11, respectively). Mutation of conserved residues within the C3 motifs of both KCNQ2 and KCNQ3 (ESD3810AAA in KCNQ2, ETD3827AAA in KCNQ3) resulted in AnkG-MB-GFP kinetics very similar to those of AnkG-MB-GFP expressed alone ( ‫؍‬ 3.13 Ϯ 0.13 s; mobile fraction, 85.3%; n ϭ 10). Western blotting was performed to rule out the possibility that the complete loss of activity in the FRAP assay exhibited by the mutant KCNQ2 and KCNQ3 subunits was attributable to rapid degradation of the mutant mRNAs or polypeptides, and to compare amounts of total steady-state proteins expressed. Western blots (Fig.  5C) showed that mutant KCNQ2 and KCNQ3 subunit cDNAs were expressed at protein levels that were similar to those of wild-type subunits, whereas cells not transfected gave undetectable levels of the subunits.
Ankyrin-G coexpression has slight effects on KCNQ2/KCNQ3 channel gating but is insufficient to account for I Ks -like kinetics or voltage dependence
The nodal current, I Ks , is similar in many respects to I M , as first noted by Dubois (1983) . However, I Ks exhibits much faster gating kinetics than I M , and activates in much more hyperpolarized voltage range (I Ks has a V 1/2 of approximately Ϫ65 mV; I M has a V 1/2 of approximately Ϫ35 to 40 mV) (Röper and Schwarz, 1989; Wang et al., 1998) . Because accessory subunit and other protein-protein interactions may contribute to such differences in channel properties (Rettig et al., 1994; Krapivinsky et al., 1995; Nadal et al., 2003) , we tested whether coexpression of full-length ankyrin-G-GFP altered the kinetics or voltage dependence of heteromeric KCNQ2/ KCNQ3 channels (Fig. 6) . We found that KCNQ currents in cells coexpressing full-length ankyrin-G-GFP exhibited slightly depolarized voltage dependence, and slightly slower activation and deactivation kinetics, compared with currents from cells expressing KCNQ2/KCNQ3 with GFP (Fig. 6 B) . Furthermore, the C3 domain mutations that abolished ankyrin-G interactions in subcellular redistribution and FRAP assays (Figs. 4, 5 ) also had no major effects on these channel properties (Fig. 6B) . Thus, the modest effects of ankyrin-G on KCNQ channel gating kinetics and voltage dependence we observed provided some additional evidence that ankyrin-G and KCNQ2/KCNQ3 channels interact, but the recordings did not reveal any explanation for the much larger biophysical differences between channels formed by KCNQ tetramers and I Ks . The KCNQ2/KCNQ3 C3 domain is sufficient to restrict protein expression to neuronal AISs, and the ankyrin-G binding motif is necessary The mechanisms involved in establishing and maintaining polarized membrane protein expression on axons and for further restriction to AISs are incompletely understood, but may involve preferential sorting to axonal vesicles, preferential transport along axonal microtubules, or selective endocytotic retrieval from somatodendritic locations (Fache et al., 2004; Winckler, 2004) . These issues can be investigated by studies of hippocampal neurons in dissociated culture, which form axons and assemble AISs that exhibit highly restricted localization of native ankyrin-G, neurofascin, and Na V channel proteins (Garrido et al., 2003; Lemaillet et al., 2003) . To test whether the KCNQ2/ KCNQ3 C3 domain motif could mediate AIS protein targeting and/or retention, we transfected rat hippocampal neurons with HA-neurofascin and fusion cDNA constructs, and studied the subcellular distribution of the proteins at the cell surface by staining for the extracellular HA tag (Fig.  7) . Because expression of the transfected proteins was driven by a constitutive viral promoter, transient high protein levels were anticipated. Indeed, for several days after transfection, all constructs were robustly overexpressed at the membrane, in a nonspecific pattern including axons, dendrites, and somata. For example, staining 7 d after lipid-mediated transfection (total, 15 d in vitro) revealed intense HA-NF-KCNQ2C labeling of all axons and dendrites; labeling of native MAP2 proteins was restricted to dendrites (Fig. 7A) . At longer intervals after transfection, total protein expression levels declined, and selective AIS retention became apparent for proteins possessing ankyrin-G binding motifs. Thus, even 22 d after transfection, HA-neurofascin (Fig. 7B) showed staining that was highly concentrated at AISs and low on the soma, dendrites, and distal axons.
To test whether the KCNQ C3 domain motif could drive such AIS-restricted localization, we performed parallel transfection and immunostaining experiments using the KCNQ2, KCNQ3, and KCNQ5 C-terminal fusion cDNAs. Constructs containing the intact KCNQ2 (Fig. 7C , 17 d after transfection) or KCNQ3 (Fig.  7E, 15 d after transfection) C3 domain motifs exhibited AIS-restricted strong staining. In contrast, electroporations of mutant constructs lacking the putative ankyrin-G interaction motif performed in parallel gave staining that was less intense Figure 6 . Expression of ankyrin-G has very small effects on coexpressed KCNQ2/KCNQ3 channels. A, Representative current traces in response to pulse protocols (shown in insets) used for kinetic analysis: i, deactivation protocol; ii, activation protocol. B, Analysis of voltage gating of wild-type KCNQ2/KCNQ3 heteromeric channels, C3 motif mutants, and wild-type channels coexpressed with ankyrin-G-GFP: i, deactivation time constants; ii, conductance/voltage curves; iii, activation time constants. The kinetics of the three conditions is very similar, with some evidence for slight slowing of activation and deactivation gating in the presence of ankyrin-G. Steady-state voltage dependence of gating of wild-type and mutant are indistinguishable, but ankyrin-G confers a ϳ6 mV shift toward depolarized voltages. at these long time points after transfection, and showed no evidence of polarized protein localization (Fig. 7 D, F ) . We quantified these results in two ways. First, we compared the relative intensity of staining for the transfected proteins and endogenous MAP2 at the AISs and proximal dendrites. As shown (Fig. 7B-F,  histograms) , the staining intensity of MAP2 was high on dendrites (Den), but could be detected above background on axons at the very proximal portion. Staining intensity of HAneurofascin, or HA-neurofascin-KCNQ2C and -KCNQ3C fusion proteins was both polarized (axons Ͼ Ͼ dendrites) and restricted to the proximal axon, but mutant protein expression less readily detected above background and showed no difference between axons and dendrites. Second, we calculated the percentage of MAP2-positive neurons on coverslips exhibiting such AIS-restricted staining per condition. The wild-type neurofascin-KCNQ2C and -KCNQ3C constructs were present at AISs of 46 Ϯ 4.2 and 47.3% Ϯ 1.0% of neurons, respectively, whereas the C3 motif mutants were at the AISs of only 0.2 Ϯ 0.3% (KCNQ2 mutant) and 3.4 Ϯ 2.6% (KCNQ3 mutant; 200 neurons counted per condition per transfection trial; n ϭ 3). Observation of constructs containing the KCNQ5 C-terminal region revealed only the nonpolarized pattern of staining, but this finding was not analyzed quantitatively (data not shown).
Previous studies have shown that protein bound at the AISs of cultured hippocampal neurons are resistant to brief extraction treatments with detergent (Winckler et al., 1999; Garrido et al., 2003) . Indeed, when neurons were treated with 0.5% Triton X-100 before fixation, staining for wild-type HA-NF-Q2C and HA-NF-Q3C proteins (supplemental Fig.  S3 , available at www.jneurosci.org as supplemental material) localized at AISs were selectively retained, both at early and later intervals after transfection. This suggests that interaction between the KCNQ C3 domain and the endogenous neuronal AIS cytoskeleton was stabilizing the subset of fusion proteins localized to the AISs.
The ankyrin-G binding domains of KCNQ2, KCNQ3, and Na V channels arose early in the vertebrate evolutionary lineage To better understand the origin of the ankyrin-G interaction mechanism at nodes and AISs, we identified cDNAs and genes for invertebrate and vertebrate KCNQ and Na V channels, aligned the predicted amino acid sequences, and generated a phylogenetic tree (Fig. 8) . KCNQ and Na V orthologs were present in numerous invertebrate genomes as shown previously (Plummer and Meisler, 1999; Goldin, 2002; Yu and Catterall, 2004; Wei et al., 2005; Wen et al., 2005) . However, we found no examples of invertebrate KCNQ or Na V channels possessing the ankyrin-G binding motif. Invertebrate KCNQ genes possessed the proximal conserved C1 and C2 domains, but lacked distal C3 domains. In contrast, all of the vertebrate Na V and neuronal KCNQ2/KCNQ3 genes identified in bony fish, amphibian, birds, and mammals possessed the ankyrin-G binding motif (Fig. 8 A, B) . The vertebrate KCNQ ankyrin-G binding motif was in all cases a part of a larger conserved C3-like domain (detected by the presence of highly conserved residues upstream and downstream of the putative ankyrin-G interaction motif, including an absolutely conserved sequence, HEELERS) ( Fig. 2 and supplemental Table 1 , available at www.jneurosci.org as sup- plemental material). This larger domain was always absent from Na V genes, which exhibited high sequence diversity in the regions adjoining the ankyrin-G binding motif, as previously noted (Lemaillet et al., 2003) (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Thus, the Na V and KCNQ genes with ankyrin-G interaction motifs possess no common ancestor. Therefore, it appears that the ankyrin-G binding motif present in both the vertebrate Na V and KCNQ channels evolved before the appearance of the proximate common ancestor of fish, birds, and mammals, and before the gene duplication events that produced the paralogous subunit genes (Na V 1.1-Na V 1.9 and KCNQ2-KCNQ3) possessing the motifs. This appears to represent an example of molecular evolutionary convergence at the level of function, mechanism, and sequence (discussed below) (Doolittle, 1994; Zhang and Kumar, 1997; Zakon, 2002) .
Discussion
In sympathetic neurons, I M , a small current mediated by KCNQ2 homomers and/or KCNQ2/KCNQ3 heteromers (Brown and Adams, 1980; Wang et al., 1998; Hadley et al., 2003) exerts substantial negative control over responsiveness to excitatory inputs. Inhibition of I M by metabotropic neurotransmitter receptors provides a robust, reversible mechanism for increasing this responsiveness (Brown, 1988) . KCNQ2 and KCNQ3 mutations cause epilepsy and myokymia, phenotypes that imply roles in brain and in axons of spinal motoneurons (Dedek et al., 2001; Singh et al., 2003) . Here, we investigate the basis of these phenotypes and report three main findings. First, KCNQ2 and KCNQ3 are widely colocalized with Na V channels at the AIS and node of Ranvier-in the hippocampus, cerebral and cerebellar cortex, the ventral horn, and the sciatic nerve. Second, interaction between the KCNQ2 and KCNQ3 C3 domain motifs and the ankyrin-G membrane binding domain appears to underlie retention at the AIS. Remarkably, the KCNQ ankyrin-G interaction peptide shows high homology to the Na V channel motif that serves this function. Third, phylogenetic analysis reveals that KCNQ and Na V genes of other gnathostomes (jawed vertebrates) possess the motif, but related invertebrate genes lack it.
Differences in procedure reveal distinct somatic and axonal populations of KCNQ channels Exceptionally strong immunohistochemical evidence now indicates that channels containing KCNQ2 and KCNQ3 are present at the node and AIS, based on staining by antibodies against four different subunit epitopes and demonstration of a membranestaining pattern at nodes. Why is the KCNQ2 and KCNQ3 protein distribution reported here (and by Devaux et al., 2004) so different from previous studies using the same antibodies (Cooper et al., 2000 (Cooper et al., , 2001 ? In those previous reports, KCNQ2-N, KCNQ2-C, and KCNQ3-C antibodies gave primarily somatic and intracellular staining patterns. Furthermore, certain populations of neurons with large axonal arbors (e.g., aspiny cholinergic striatal neurons, reticular thalamic neurons, parvalbuminexpressing hippocampal interneurons) showed particularly strong, punctate somatic labeling for KCNQ2. AISs and nodes were unlabeled.
Immunohistochemical experiments require striking a balance between tissue destruction sufficient to allow antibodies to access epitopes and structural preservation sufficient for assigning the locations of antibody-antigen complexes within the tissue under investigation. Cooper et al. (2000 Cooper et al. ( , 2001 used procedures (aldehyde fixation, paraffin embedding, and microtome sectioning in one study; aldehyde fixation, vibratome sectioning, staining of relatively thick "floating" sections in the other) that preserve tis- Figure 8 . The ankyrin-G binding motifs of Na V channel ␣ subunits and KCNQ2/KCNQ3 subunits appear first in lower vertebrates, apparently reflecting a process of convergent molecular evolution. A, Clustal alignment was performed on full-length predicted amino acid sequences of invertebrates and vertebrate Na V ␣ subunits. The positions corresponding to the ankyrin-G binding motifs and the conserved DIII-DIV intracellular linker mediating fast inactivation are shown. Ankyrin-G binding motifs are absent from invertebrates, but are present in teleost fish and mammals. B, Alignments made, as in A, but of KCNQ channel subunits of invertebrates and vertebrates. A portion of the highly conserved KCNQ C2 domain, mediating subunit association, and the ankyrin-G binding motif are shown. The ankyrin-G binding motif is absent from invertebrate genes but is present in KCNQ2 and KCNQ3 of teleost fish, birds, and mammals. For genes with accession numbers AAN63887, CAA11526, CAF90163, and AAV34442, we assigned KCNQ family identity based on high homology with known KCNQ genes identified by BLASTp analysis. For A and B, species name and NCBI protein database accession numbers are indicated in parentheses. C, Phylogenetic tree of Aplysia Na V and representative KCNQ channels. The analysis confirms the very distant evolutionary relationship between Na V and KCNQ channels and illustrates the close paralogous relationship between KCNQ2 and KCNQ3. This suggests that the appearance of the similar ankyrin-G binding motifs in Na V and KCNQ2/KCNQ3 genes took place independently, before the last common ancestor of jawed vertebrates. Scale bar, absolute number of changed residues. D, Diagram showing proposed interactions between Na V channels, KCNQ channels, ankyrin-G, and the actin-␤IV spectrin cortical cytoskeleton at AISs and nodes. For simplicity, other known membrane proteins of nodes and AISs (neurofascin and relate cell adhesion molecules; Na V channel ␤ subunits) are not depicted. The stoichiometry of interactions between ankyrin-G and membrane proteins is unknown.
sue structure relatively well. However, fixation, which introduces artifactual cross-links in and between membranes and proteins, can prevent antibody accessibility to some antigenic epitopes. The current study used either isolated, unfixed single nerve fibers, or snap-frozen, unfixed tissue that was cryostat sectioned and thaw-mounted on slides. Subsequent immunostaining procedures (18 -24 h) were conducted at room temperature in buffers containing Triton X-100 detergent. We view this method as a subcellular fractionation procedure-indeed, staining for cytoplasmic and readily solubilized proteins that are robustly immunostained in fixed sections (i.e., parvalbumin, synaptophysin) (data not shown) was abolished. Presumably such proteins are removed from tissue sections during the large-volume wash steps.
Brain KCNQ2 and KCNQ3 proteins exhibit unusual detergent resistance, so that brain membranes must be pretreated with agents designed to strip membranes of the cortical cytoskeleton to achieve partial solubilization of the subunits under nondenaturing conditions (Cooper et al., 2000) . A distinctive, electron-dense protein undercoat abuts the plasmalemma at AISs and nodes (Palay et al., 1968; Chan-Palay, 1972; Kosaka, 1980) . This undercoat likely represents the actin/␤IV spectrin/ ankyrin-G cytoskeleton, into which the Na V , KCNQ2, KCNQ3, and neurofascin endodomains are inserted (Fig. 8 D) . Apparently, access to the intracellular epitopes recognized by the four anti-KCNQ2 and anti-KCNQ3 antibodies used in our studies is prevented by fixation and enhanced by freeze-thaw and detergent extraction steps. KCNQ subunit biochemical detergent resistance, and the requirement for "antigen retrieval" for immunohistochemistry, parallels the behavior of the classical neurotransmitter receptors that are localized to postsynaptic densities by similar interactions with scaffold proteins (Müller et al., 1996; Fritschy et al., 1998) .
The current studies support the titular conclusion of Devaux et al. (2004) , that "KCNQ2 is a nodal channel," but add that, sometimes, so is KCNQ3. Here, an additional antibody, KCNQ3-C, against an epitope common to both KCNQ3a and KCNQ3b isoforms, stains many rat sciatic nerve nodes, motoneuron AISs, and many CNS nodes. Nevertheless, some nodes lack staining by KCNQ3-C (Fig. 1 B) . Channels containing KCNQ2 but lacking KCNQ3 subunits may be expressed at some nodes, as seen previously at somata of immature sympathetic neurons (Hadley et al., 2003) . KCNQ subunits differ in their sensitivity to extracellular tetraethylammonium (Wang et al., 1998; Hadley et al., 2000) . Voltage-clamp studies of peripheral nerves using this blocker may shed light on the subunit composition of axonal KCNQ channels.
A common ankyrin-G mechanism retains axonal KCNQ and Na V channels We identified a motif near the C termini of KCNQ2 and KCNQ3 that was very similar in sequence to the peptide recently shown to mediate ankyrin-G binding and axonal retention of Na V channels (Garrido et al., 2003; Lemaillet et al., 2003; Fache et al., 2004) . Considerable evidence suggests that this motif plays analogous roles on KCNQ2-and KCNQ3-containing channels as described for Na V channels. First, targeting of both the K ϩ and Na ϩ channels to AISs is abolished in cerebellar neurons of transgenic mice lacking ankyrin-G. Second, surface redistribution assays show that the C-terminal regions of KCNQ2 and KCNQ3 (but not KCNQ5) interact with the ankyrin-G-MB domain, in a manner dependent on the motif. Third, intact KCNQ2/KCNQ3 channels interact with ankyrin-G, as demonstrated by FRAP, and by slight changes in voltage dependence and kinetics of KCNQ2/KCNQ3 channels resulting from ankyrin-G coexpression. Fourth, the C3 domain motif confers both resistance to detergent extraction and selective retention at AISs upon fusion proteins transfected into cultured hippocampal neurons.
Evolution of the ankyrin-G mechanism retaining KCNQ2/ KCNQ3 and Na V channels Given their related structure and functions, we were intrigued how a common mechanism for Na ϩ and K ϩ channel axonal retention might have evolved. Although voltage-gated Na ϩ and K ϩ channel genes are thought to share distant common ancestry, they are clearly present in invertebrates as separate gene families (Lock et al., 1994; Plummer and Meisler, 1999; Goldin, 2002) . We found no examples of invertebrate KCNQ or Na V genes containing the ankyrin-G interaction motif (Fig. 8 A, B) . These phylogenetic results are fascinating in two respects. First, they suggest that ancestral Na V and KCNQ genes independently evolved ankyrin-G binding sequences and functionality. Such "convergent molecular evolution" at the functional, mechanistic, and sequence levels is extraordinary (Doolittle, 1994; Zakon, 2002) . Second, because the Na V and KCNQ2/KCNQ3 polypeptides of jawed fish possess and those of invertebrates appear to lack the ankyrin-G interaction motif, this mechanism appears to have emerged at about the same period of evolutionary history as other key components required for saltatory conduction (Yasargil et al., 1982; Bullock et al., 1984) . Axonal myelination affords markedly improved energy efficiency and conduction speed; its introduction is regarded as among the more fundamental enabling innovations of early vertebrate evolution (Zalc and Colman, 2000) . Therefore the emergence of myelination and a mechanism for coordinate nodal and AIS retention of KCNQ and Na V channels at a similar period in evolutionary history is a remarkable coincidence. The phenotypes linked to hypofunctional KCNQ2 and KCNQ3 mutations, seizures and myokymia, suggest the advantages afforded by colocalization of balanced numbers of KCNQ and Na V channels at sites of initiation and propagation of saltatory action potentials, which may have provided a survival advantage favoring the shared ankyrin-G binding mechanism during the evolution of the myelinated fiber. Our analysis can be refined by sequencing the KCNQ and Na V genes of jawless vertebrates (e.g., lamprey and hagfish), which lack myelinated axons, and primitive, jawed fish (e.g., sharks), which possess them.
A hypothesis regarding KCNQ channel function at axon initial segments and nodes
Understanding axonal KCNQ channel function will require quantitative analysis of channel currents and associated neuronal activity. Because the present study uses only immunohistochemistry, molecular methods in preparations of reduced complexity, and phylogenetic analysis, inferences about function are preliminary. Nonetheless, our findings-anatomical, cell biological, and evolutionary-illuminate from new angles the hypothesis, implicit in Devaux et al. (2004) , that KCNQ channels are key partners with Na V channels at AISs and nodes of Ranvier. As discussed above, a current that helps regulate the excitability of peripheral nerve nodes, I Ks , exhibits KCNQ-like features. The functional contribution of KCNQ subunits to I Ks can be tested by voltage-clamp and in vivo threshold tracking studies of peripheral nerve (Röper and Schwarz, 1989; Burke et al., 2001) . Our findings imply that small I Ks -like currents are also functional at the initial segments and nodes of central axons. Because such channels activate at more hyperpolarized voltages than transient Na V channels do, the "subthreshold" activity of a small number localized on proximal axons could potentially exert inhibitory influence on AP initiation. Classical and peptide transmitters, acting both via synapses and at a distance, can modulate neuronal excitability through effects on KCNQ channels (Jan and Jan, 1982; Brown, 1988; Hille, 2001) . Modulation of KCNQ channels strategically localized to the proximal axon could help control the "gain" relationship between synaptic excitation and AP firing. New tools, including KCNQselective drugs (Gribkoff, 2003) and animal models permitting temporal control over KCNQ channel activity (Peters et al., 2005) , may allow definitive experimental testing of this hypothesis.
